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ABSTRACT: The developmeat of a frequency modulated syvstem
for the recording of pressures and sccelerations resulting
from high explosive detonations i1s described. The intellil-
gence from & pressure gage or accelerometer gage freguency
modulates a carrier frequency, and after being multiplexed
this PM signal is transmitted by cable and remotely recorded
on a magnetic tape record2r. In pisyhack the output of a
nagnetic tape reproducer 18 fed through band pass filters,
which separate out the various carrier frequencies of the
multiplexed signal; from here each filtered signal 1is fed

to a discriminator unit which converts the {requency modu-
lated signal to an amplitude signal. Finally this amplitude
signal is presented to & string oscillograph which produces
a photographic record of the signal,
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This report is part of a classified report issued as report
NC.R-1167. The numbering system used in this report is
accounted for by the fact that it is part of 2 mcre exten-
sive report. The purpose of this report 1s to declassify

gend circulate on a wider basis certain parts of this more
extensive report which deal wi.h instrumentation develop-

ment of general interest. It may be stated that the record-
ing system herein described was successfully used on large
scale explcsion tests, The accelerometers used in conjunction
with this recording system are described in unclassified
NAVORD Report 2712. This work was carried out by the Ex-
plosion Effects Division of the Explosives Research Department
under Task NOL-187.
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CHAPTER 5

RECORDING AND PLAYBACK

This chapter describes in detail the units comprising
the overall FM magnetic tape recording and playback in-
strumentatiocn used for the recording of pressures and accel-
eratinns resulting from large explosions., The general
features of the system are depicted in block diagram form
in Pig. 5.1 through Pig. 5.4,

91 DESIGN CONSIDERATIONS:

(1) Number of Measurements - One hundred gage
signals were to be recorded,

(2) Remote Control - For personnel safety and
safety of equipmént, remoteé control was required,

(3) Simplicity - The large number of measure-
ments to be made Indicated the desirability of uncomplicated
equipment with 2 minimum number of parts and asimple field
adjustments.

(%) Reliability - The large expense involved
and the need for the 1dPUF%ation sought, made it mandatory
that all the required data be obtained.

(5) Time - Very little time was availadle for
the design, procurement and testing of the system,

5.2 DESICN FRATURES

(1) Prequency Modulation - The FM system was
used, With this system, small intéerference could be ex-
pected from amplitude modulating signals such as from
power lines or other eguipment,
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(2) Multiplexing - Because of the large number
of measurements tc be taken, the multiplexing system was
used, This permitted the use of only twenty channeis per
shot for signal transmission; each channel contained five
carrier frequencies, frequency modulated by five different

gages,

(3) Magnetic Tape Recording - This mode of re-
cording was chosen because o; 1t8 TFEegom from the need of
critical fileld adjustments, simplicity of operation, and
adaptability to remote control.

(4) Cable Telemet - In the interest of sim-
plicity, cable was used to transmit the signal from the
field oscillators to the instrumentation traller., Radio
telemetry would have unnecessarily complicated the field
instrumentation with transmitters, antennas, and receivers,

(5) Relisbility - To enhance the rellability
of the overall recording system and to insure obtaining the
maximum amount of significant data, wide use was made of
"back-up" units. Four complete, identic&l, and independent
banks of equipment were used in each trailer, each dbank op- -
erating five channels, one for each of five stations. The
stations for each bank were selected so that in case of
failure of one complete bank, reccrded signals from no more
than two distances would be lost, The five stations lost
were so staggered as to minimize this loss (see Table 5.1).
Each recorder had its inputs paralleled with the inputs of
a second recorder to minimize the loss of records in case of
tape or recorder fallure, Fach motor-generator set was
powered by paralleled banks of batteries., Reference and
timing signals were generated from a multiplicity of sources
and recorded cn two tracks of each tape., (These signals
were used as fiducials, therefore they were common to all
recording banks,)
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5.3  PERPORMANCE CHARACTERISTICS: i

(1) =z ncy Res from D.C. to approximately .
150 cps on the 3.9 E%, d to approximately 1,000 cps on the
14.5 k¢ channel. The upper frequency liimits of any particular channel

wvere limited by the frequency response of the gages used on that
channel .

(2) m:ac R_z_ngo spproximately a factor of 100,
realigsed by the use of k-up gages.

(3) Resolution sufficient to read down to 1/20 of
pominal full scale gage range. This resolution was limited by the
poise - "wow-and-flutter" - inherent in the magnetic tape recording
and playback mechanisas.

(8) Accuracy of reading the records varied from
approximately # 3¢ for signals produced near the nominal gage range to
approximately 10% for the signals vhich were nearer 1/20 of the gage
range.

(5) Recording Time of 15 minutes vas availalbe.

5.4 FIELD UNITS:

5.8.1 Gege

The frequency modulating elements in both the acceleration
and pressure gages consisted of iron-core inductors vhoss actual induct-
ancs value varied vith the instantaneous position of a high permeability
ped relative to the inductor core.

The acceleraseters wvere manufactured by Schasvite
Engineering Cowpany of Camden, New Jersey and are described in detail
in Chapter bk of this report; tine pressure gages vere manufactured by
Wiancko and are descri>:s3 in de®ail in a Ballistics Research Laboratory
report no¢ under preparation.

5.8.2 Gage Cable

Each yage was connected to its oscillator circuit dby a
10, 20, or 30 foot length of two conductor, lov capacitance, shielded
cable, KG-22/U. This cable bad two particularly desirable features -
lov liaear capacitance, 16 rmf per foot, and rugged mechanical con-
struction., Low capacitance cable wes a requisite since the cable
capacitance comyrised part of the tank capscitance of the cscillator;
good Ceaign ceusideretiions called for as much as possible of the tank
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capacitance to be of a fixed type. Even with this design criterion, on
the 14.5 k¢ chammels with the 35 foot length Of cable (required for the
30 foot deep gages) only approximately 108 of the total tank capecitance
v=s fixed. However, the rugged construction of the cable made this sit-
uation tolerable. Under hydrostatic and shock testing up to 1,000 pei
levels, negligible change in cable capacitance was observed.

5.4.3 Oscillator-Amplifierl (Pig. 5.5)

The oscillator-amplifier unit vas designed by the Vitro
Corporatlon2 in accordance vith specifications supplied by NOL. It
consisted of five imput circuits and a combined output circuit. The
input oscillator circuits were of the Hartley shunt feed type, with one
section of a dual triode tube (12AU7) serving in the oscillator. The
Bartley circuit wvas chosen because of its inherent stability; shunt
feed was necessary in order to prevent the introduction of odjectionable
magnetic bias into the accelerometer coils. The second half of the
tube was directly ~oupled to the oscillator section and served «s the
explifier stage. The signals vere cou,led to the transmission cabdble,
MC0S-6, by means of output transformers which provided the proper
impedance match between the oscillator-ampliifier units and transmission
cables. The secondary wvindings of the cutput transformers of the 3.9 kc,
5.4 kc, and 7.35 kc circuits ware in series across the output termimalc.
Hovever, the signals from the 10.5 kc and 1k.5 kc circuits were mixed
and superimposed on the output through a bridge circuit (Pig. 5.6). This
was necessary in order to reduce the cross-modulaticn between these two
signals t0 an acceptable minimum value., It wvas found that wvithout this
bridging network, a 4 kc difference frequency would be produced by these
tvo frequencies which could cause Objectionabls interference in the
3.9 kc band. Interference between all bands wvas kept to a mirimm by
designing the ocscillator-amplifier circuits so that the total harwonic
distortion vaz less than 2%. In this wvay, for example, the second
harmonic of the 5.8 kc circuit was kept from distorting the signal in
the 10.5 kc band,

The filament and plate pover necessary to cperate the
units vas furnished by means of the multi-conductor MCOS8-6 cables.
All power originated at the trailer,

The oscillator units were extremely stable and free from
extraneous influences. For a change in 3+ voltags from 225 volts to
325 volts the cscillator frequencies changed approximately 17 parts per
million per volt on all channels except the 14.5 kc, vhere the change

TSee Technicel Report ¥o. 28 of the Vitro Corp. of America, "Instruction
Bock - Oscillator Set TT-1/36-A and Housing.
2FPormerly the Kellcx Corporation.

«9 -




et I e T a2 R L i
~———ry 3

morm i - TR

was approximately 50 parts per million per volt. The frequency change i
due to filament voltage variations wvas approximately 10 parts per
million per volt. Temperature changes from 20°F to 130°F resulted in
frequency changes of 10 parts per million per degree F, Tests in an
air gun for producing transient accelerations vere made with the units
operating nor=zally vhile ligh acceleration shocks up to 50 g were
appiiad. There vere no discernible effects on the output frequency at
accelerations belov 30 g, and only a 15 cps change at 50 g. All the
above frequency deviations were considered negligible over the limited
range of voltages, temperatures and shocks to vhich the oscillators
were to be subjected.

The oscillator wiits were not designed primarily for
repeated operations, therefore the use of long-life components vas not
Justified. BHowever, operation during use had to be dependadble and it
was very important that as many circuits as possidble function properly |
at that time. The circuits had a minimum number of components to '
reduce the chances of component failure. Except for the comaon filament
and plate supplies, a failure in one circuit would not seriously affect
the operation of the other circuits.

5.4.8 Transmission Cable

The cabla used for the transmission of the signali from
the field stations to the instrument trailers wvas a standard Bavy type,
MCOS-6. This cable consisted of two shielded pair and an unshielded
vair of conductors, the overall cable being approximately 1/2 inch in 2
diameter and covered vith a neoprene Jjacket. The characteristic
impedance of the signal conductors was approximatelys 70 ohms; for
maxiom signal transaission the cable wvas terminated at both ends with
this impedance value. The attenuation of signals varis? with the
frequency of the signal carrier, the attenuation for the 3.9 kc carrier
being 1.1 db per 1,000 feet and for the 14.5 kc carrier being 1.6 dd
per 1,000 feet (Fig. 5.7). (The oscillator-amplifier units were
designed to equalirze this variation by providing higher outputs for the
higher frequency channels than for the lower freqQuency channels.) The
conductors were utilized as shown in Pig 5.7. The individuel pairs of
leads weres used for separate fuactions so as to achieve simplicity and
reliability, and the signal leads vere paralleled to reduce attenuation.

Tt vas estimated that approximately 250,000 feet of cable
would be required in Operation Jangle. This cable was available on reels
each holding cpproximately 1,500 feet vhich made it convenient for laying
(Fig. 5.8). To facilitate the task in the field of Joining the individual
cables to provide the proper lengths, connectors vere attached to the ends
of the cable at ROL. All that was required in the field was to join the
connectors and waterproof the joint (Fig. 5.9). In this way, good elec-
trical continuity was obtained along with strong mechanical linkage all
vith a saving in manhours in the field over either solder or cold splice
methods. - 80 -
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5.5 IKSTRUMENTATION TRAILER URITS:

All recording and power equirment and necessary auxiliary units
were housed in van-type trailers. Thesc¢ units are described delow and
the units directly associated with the recording of the signal are shown
in Pig. 5.10.

5.5.1 Auxiliary Signal Units

(1) Distridution Panel (Fig. 5.11) - This panel served
as a master distridbution panel. Yt fed filament and plate voltages to
the five stations of each bank. It also distributed the output signals
of oach oscillator set, through two impedance matching transformers in
each signal channel, to a recording channel in sach of two different
recorders. The primary circuits of the transformsrs were connected
together and satched to the charscteristic impedance of the MCOS-6 cable,
and the individual secondary windings were matched to the input impedance
of each recorder. An attenuation network was added to the primary cir-
cuit of the transformers to reduce the signal level input to the
recorders.

(2) D. C. Power ly Panel (Pig. 5.12) - This panel
received 36 volts D.C. %o —cpor._to's_ug_zn TH-36 dynamotors (Pig. 5.13).
The 300 volt filtered cutputs of these units vere fed to the Distri-
bution Panel for coupling to the transmission cables and thence to

the field oscillator sets. Dynsmotor plate supplies were used in this
operation rather than electronic power supplies dbecause of the greater
simplicity, and the ready availability of the battary source.

(3) D. C. Junction Panel - Power for this panel was
received from the same 36 volt battery banks that povered the motor-
generators. The five output receptacles distributed power to the D.C.
Power Supply Panel.

(s) Filement Supply Panel (Pig. 5.13) - This penel
received 115 volts A.C. vhich operated an auto transformer adjusted to
produce a 145 volt output. This voltage level vas needed to compensate
for the voltage drop incurred over approximately 1-1/2 miles of cable in
furnisting 130 volts A.C, at the filgment trensformer in each ascillator
set. Each output receptacle fed orly one cadble und wvas individually
fused with a slow-blovw fuze. In this vay, short circuiting of one oscil-
lator set would not affect the other oscillator sets operating off the
sume auto transformer.3

3¥or more detall on the above four pane)s, sec Vitro Corjorstion Tech-
nical Report No. 29 "Installation Manual - Distribution Fanels 1’?-1/36-[\,
J-1/36-A, DY-1/36-A, and J-2/36-A".
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(S) A. C. Junction Panel - All A.C. power for the
auxiliary units and the recorders wvas distributed from this panei. It
received pover from its associated motor-generator set. s

The above panels wcre connected by means of cables in |
order to facilitate isolation ¢of any particular component for trouble
shooting purposes. A sufficient variety of types of connectors wvere
used so that improper connections wera ol likely,

5.5.2 Magnetic Tape Recorder (Fig. 5.15)

The recorders were modified Ampex Model 301 commercial
magnetic tape sound recorders similar to those used by the NOL group on
Operation Greenhouse.¥ The salient features of these recorders are
listed below:

(1) Seven separate heads in one assembly were employed
to record seven channels sisultaneously on 1/2" wide magnetic tape.
Each channel track was 0.050 inches wide and separation betveen tracks
vas 0,020 inches.

(2) PFrequency response of the recorders was flat within
¢ 3 db from 1 kc to 18 kc. .

(3) Signal to noise ratio wvas greater than 20 db below
a 3% distortion recording level. Cross-talk between adjacent channels was .
at least 45 db dowm.

() Tuning fork controlled capstan motor drive was
employed to keep tape speed variations to a minimm resulting in less
than 0.1% r.m.s. "wov-and-flutter",

(5) Remote control ves provided for all necessary
operations - application of power, start of tape transport, and record-
ing of signal.

(6) Only the recording (not playback) operation was
possible on this recorder. Further simplifications and fool-proof
features of the recorders were the elimination of erase heads and the
use of only forward speed at 30 inches per second.

The recorder contained seven identical two-stage
eaplifiers vith inputs located on the front of the unit (Fig. 5.16).
The pover for this chaseis was provided by the power supply chassis

LGreenhouse Report Annex 1.6, Part IV, Section 1; also "Imstruction Pook-
Multi-Channel Magnetic Tape Recorder and Reproducer produced under Kellex
€orp. Purchase Order SS Ro. 21223" by Ampex.
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belov it. Por each channel the record amplifier had separate Bias
Control and Signal Level Metering Jecks, Bias Adjustment and Record
Level Adjustment Controls.

The pover supply unit (Fig. 5.17) was of the conventional
full-wvave high vacuum type vith adequate filtering. The high frequency
(70 xc) bias supply also vas located on this chassis. This push-pull
oscillator had very low harmonic content in its output.

The capstan motor amplifier unit (Fig. 5.18) contained
a 69 cps tuning fork vhich controlled the frequency of an amplitude
limited oscillator circuit. The output from the oscillator was subse-
quently amplified and used to operate the capstan motor drive.

The prime requisite of megnatic tape recorders vhen used
in frequency modulating systems is to keep the speed variations of the
tape to a minimm. Speed variations are equivalent to frequency mod-
ulations of the signal and are, therefore, reproduced along vith gage
siguals as extraneous and objectionable noise. The bouncing of the tape
on the recording head also produces objectionable speed modulation of
the tape; this "flutter” was kept to a minimum by the careful dasign of
ali parts in the tape transport mechanism and some mecharical filtering
by the use of tension arme. However, irregularitiss on the tape surface
and dust on the tape and heads vere difficult to control or eliminate.
As a result, the ncise due to "flutter” varied from recorder to recorder

and from shot to shot.
5.5.3 Auxiliary Units

(1) Timing Oscillator (Pig. 5.19)

In addition % the gage signals, calibretion signals
were recorded simultaneously on the tape. A composite signal of two
frequencies was produced by each of two Timing Oscillator units. One unit
produced a standard ummodulated frequency of 400 cps and a modulated
center frequency of 2,300 cpa The other unit produced a standard in-
modulated frequency of 1,000 cps and & aodulated center frequency of
3,500 cps. Although only one standard frequency and one modulated
frequency vas required, two Timing Oscillator units were used to insure
sgainst failure of either of the units. The standard frequsncy signals
wvere required to adjust the tape speed on playback to that speed which
would reproduce the recorded information faithfully. These frequencies
were produced by tuning fork oscillators of the General Rudio type 723.

The modulated frequencies centered at 2,300 cps and
3,900 cps were produced by phase shaft oscillator circuits., These frequen-
cies vere modulated by timing signale from 3lue Box and relay sources.
At minus 1 secord, an ECAG timing relay signal produced a frequency

-3 -
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shift in the oscillatcr, This signal was used as an aid in
playback to automatically trigger the playback sequence; 1t
could also be used as a fiducial marker since its time with
respect to zero could be accurately determined and 1t was
common to all recorders. However, the Blue Box signals (photo
electric signals), initiated by the visible detonation of the
test explosive were used as the timing fiducial, Two Blue
Boxes were used, each feeding 1its signal into the phase shift
oscillators of each Timing Oscillator unit. These signals
produced frequency shifts of opposite sense¢ and different time
durations from the minus 1 second signsl.

In operation, the minus 1 second relay closed,
triggering a one-shot multi-vibrator which then produced a
0.13 second pulse, To prevent multiple triggering due to pos-
sible relay chatter, a 1/200 ampere fuze was blown, thus open-
ing the input circuit, At zero time, the Blue Box (or timing
relay) closed and triggered another similar multi-vibrator which
produced a 0,05 second pulse, _The outputs from the two multi-
vibrators were mixed and frequency modulated the phase shift
oscillator producing 54 frequency shifts,

(2) Timing Oscillator Distribution

The twc output signals of each Timing Oscillator unit
were fed into this Timing Oscillator Distribution Panel where
all four signals were added by a resistive network, Eight out-
puts were provided carrying the composite signals to one head
of each of the eight recorders. Each output was decoupled suf-
ficiently to prevent interference among recorders,

(3) Reference Oscillator (Figs. 5.20 and 5.21)

An oscillator unit providing stable oscillations at
tne five signal frequencies used (3.9, 5.4, 7.35, 10.5 and 14.5
kc) was constructed to provide a convenient reference source for
checking the frequencies of the field oscillators, A8 a secnnd
function, the mixed frequencies of the oscillator unit were re-
corded on one heald of each recorder to provide a reference ¢al-
ibration signal during playback. Az a third possible function,
this signal was recorded with a view to using it in a tentative
scheme for "wow-and-flutter" reduction. (This function was not
realized on this operation because of the lacit of time required
to fully develop the design.)
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The circuit for this unit consisted of five cathode-
coupled 12ATT oscillators, followed by five grounded grid amplifiere
vhose outputs were added linearly in a resistive network. Grounded-grid
amplifiers rather than coaventionsal amplifiers wire used only decsuse a
coupling condenser was theredy eliminated. The loy output impedance of
the cathode-coupled osciilators, moreover, permitted direct rouplirg to
the grounded grid amplifiers. Dropping resistors vere needed w adjust
the voltage level in the amplifiers for equal output voltages. A sixth
triode amplifier for a modulated signal from the Timing Oscillator bad

40 output added into the same network and the composite eignal was
then fed in parallel to four cathode follower output stages. The six
anplifiers and four cathode followers were coutained ia five 124X7 tubes.

Bach cathode follower fed a recording channel in each
of two tape recorders, the two output terminals deing isolated by two
22 kilo-obm resistors to prevent loes of sigml to one recording chsnnel
if the othar should become short circuited. The output from the &riven
cathode in aach of the five oscillators wvas brought out to a separate
terminal through an 8.2 kilo-obm isolating resistor. Air-dielectric
trimeer cepacitors for sach oscillater were located beneath these ocutput
terminalrz to provide fine tuning of the individual oscillators. The
stability of these oscillators was approximmtely a factor of teu greater
than that of the field oscillators.

(4) Pilter Scope (Pig. 5.22)

In order to measure and inspect each of the five
frequencies put out by esch of the field ocscillators, narrow-band-pass
filters, tuned to the frequencies 3,900, 5,400, 7,350, 10,500, and 1k,500
cps vere needed. This function was provided by the "Pilter Scope”™ which,
in sddition to permitting selective amplification at each of the five
frequenciss, permitted tvo signals, one fram the field oecillator and the
other from a reference source such as the Reference Oscillator, to be
presented on a cathode ray tube for frequency comparison by Lissojous
patterns. Both bhorizontal and vertical amplifiers, identically con-
structed, had sepurately accessible input and output terminals.

Each tuned amplifier stage consisted of a bridge-
T feedback amplifier using a "cascoded” 12AXT tube.5 The deflection
stage vas 1/2 of a 12AX], connected as a triocde smplifisr, vhilg the
output stage, also 1/2 of the 12AX7, was connected as a cathode
follower. In both the horizontal and vertical amplifiers, six-position

53. E. Valley, Jr. and H. Wallman, "Vacuum Tube Amplifiers,” M.I.T.
Radiation Laboratory Series, Vol. 18, McGrsv-Hill, New York (1548)

Chagt. 10.
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selector switches permitted a choice of either non-selective amplification
(position 6) or selective saplification at any one of the five standard
frequenciee (positions 1 through 5). Tuning of the bridge-T networks was
accomplished by adjusting the set screv in each of the VIC inductors;
gain and selectivity were controlled by adjusting resistors R} through

Rg, each having a 5 kilc-oim potentiometer for fine adjustment. As the
value of each of these resistors increased, both the gain and selectivity
increased; veyond a certain value, regeneration may occur and the adjust-
ment had to be made 80 as to avoid this 4ifficulty.

A voltage doubler power supply vas used to provide
both positive voltage for the amplifiers and negative voltage for the
cathode ray tube,

(5) Pield Operaticn Check Panel

The purpose of this check panel was to allov monitor-
ing of the plate and filament voltages and currents being fed to the
field oscillators and of the composite signal received from these oscil-
lators without interferrirg with the operation of the system. The penel
contained A,C, and D.C, voltmeters and ammeters vhich were svitched into
the appropriete circuits. A coaxial output connector wvas bridged across
the signel leads to allov for monitoring of the oscillator frequencies
and vave-forms. Two Jumpers vere used to insert the Check Panel between
the MO0S-6 field cable and the Distribution Panel. The Check Panel vas
used only in initially setting-up the equipment and in trouble shooting.
The presence or absence of plate and filament voltages and cirrents vas
made i:mediately evident and by noting the amount of current flowirg in
the plate snd filament circuits, improper operation could be localiged
to particular components of the system,

(6) Field Cable Tester (Fig. 5.23)

Although all cable was carefully tested before
leaving the Laboratory, to forestall difficulties caused by shortened,
open, or lov resistance cable, sll cable ves checked just prior to
laying by a simple Cable Tester. This two-unit tester checked the most
pertinent five combinations of leads in pairs by means of swvitcking
boxes and an ohmmeter.

(7) Blue Box (Fig. 5.24)

The zero timing signal was obtained from a Blue Box
manufactured by EG&G. The circuit contained a vecuum photot.ube (929)
sensitive in the visible region, coupled to a thyratron tude (2D21) Wy
a small capacitor so that only a sharply rising iight pulse, such &s
em’tted by the fireball of an explcding charce, would trigger the
thyratron. The firing o the thyratron produced & voltage step at its
cathode vaich wvas used us the zero timing signal fed into the Timing
Oscillator unit. 86
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(8) Timing Relays

The tixing relays vere supplied by EG&O and were
manufactured by Union Switch and 8ignal Co., Swissvile, Pa, Sever
rack mounted relays vere provided to initiate the 22 sepearate control
functions for the complete recording instrumentation ct the four
specified times (Pig. 5.28).

5.5.4 Primary Pover

Primary power for operating the field oscillators and
the trailer instrumentation during the tests wvas provided by bat !
banks housed in the battery compartments of the trailers (PFig. 5.25).

In this way, except for the fewv timing signals required from cutside
sources, complete independence of operation was achieved during the
test. In addition, a stable, noise-free pover source vas realiged
vhich could be expected to be dependadle throughout and after the blast,

The batteries used were 6 volt 175 ampere-hour lead
storage batteries. Each bank of equipment was supplied by twelve
batteries arrenged in series - parallel to provide 36 volts with 350 |
ampere-hours capacity; this capacity allowved for at least two hours of
continuous operation of the equipment. Each battery bank ran the
five dynamotors in its associated instrumentation bank, and the motor
generator vhich provided the A.C. pover for this same instrumentation ;
bank.

The motor generators (Pig. 5.26) had a load rating of
2.5 kva; this size vas Quite adequate since total power consumption for
the complete instrumentation bank was approximately 1,500 vatts. While
operating under nominal full load, the output voltage and frequency of
the generators were adjusted to 60 cps and 117 volts by means of
rheostats prior to the tests; the stability of the motor-generators
vas such as to maintcin these values during the unattended test

operation.

The various controllers, svitches, and relays necessary to
properly couple power from the batteries to the generators and to the
instrumentation were incorporated into the design (Fix. 5.27). These
units also provided & ready means of connecting battery charging equip-
ment to tbe batteries, and A.C. pover from an external source, such as
a gascline generator or a commercial-type power line, to the recording
instrusentation for use during setting-up procedures.

actuated the controllers vhich started the motor generatcors and supplied
the D.C., to the dynamotore. At this same time, a time delay mechanism

I
|
]
During the test operation, a minus 15 minute relay signal !
r'
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wvas started. After 20 minutes of operation (15 minutes bdefore zero to
provide the required time for the equipment to reach stability and five
minutes after gerv), the time delay mechanism opened the controller
circuits and cut both A.C. and D,C, powver to the instrumentation.

5.5.5 Instrumentation Trailer (Pigs. 5.29 through 5.32)

During the bhistory of the project vhen test sites,
instirumentation lines, and test conditions wers not definitely determined,
it became evident that & mobile instrumentation trailer would be of
considerable aid in setting up the field prograa in almost any situation.
Consequently, two van-type trailers were procured and outfitted
identically. Each trailer was 32 feet 3 inches long, 7-1/2 feet wide,
and 11-1/2 feet high. The trailer wvas partitioned into three com-
partaents, one for batteries, ons for the motor geuarators and
controllers, and the third and largest compartment for housing the
recorders, suxiliary panels, testing equipment, work benches and
supply cabinets (Fig. 5.33).

: The motor generators and the relay racks hnlding the
electronic equipment were shock mounted to prevent vibrations and shock
from adversely affecting the operation of the equipment. An air con-
ditioning unit was installed in each trailer to provide favorable
operation conditions for the equipment and personnel regardless of
outside weather conditions. To provide accessidbility to the backs of
the rack mounted equipment, each bank of instrumentation was secured
to a platform mounted on casters. B8ignal cables entered the trailer
through smail ports located in each side of the trailers; the outside
powver cable, vhich nrovided the lighting and outlet power, vas con-
nected to the trailer by means of an external connector. External
connectors also were used to connect the battery chargers to the power
source and the batteries. (The battery chargers were located outside
the trailers because of space limitations and as s safety measure.)

(Pig. 5.38).

5.6 RECORD REDUCTION (Fig. 5.35)

5.6.1 Rggroaucer (P1g. 5.36) - The playback unit was designed
and constructed by the Ampex Electric Corporstion to reproduce the tapes
recorded on the Recorder unit. It consisted of foyr separate component
units.

(1) Tape Transport Mechanism - This unit, basically, wvas
similar to that of the Recorder, but it had a fev additions. It had a
selector switch for quick choice of mode of operation to facilitate
signal location and playtack., With the selector switck in the "play”
position the tape traveled at a velocity of 30 inches per second (approx-
imately the same speed as the Recorder). Three other modes of opevetinn
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vere provided: Fast Forward, Fast Rewind, and 8lov Rewind. The take-up
tension arm on the Reproducer actuated a shut-off switch which
automatically shut off the mechznisa i the event of tipe breakage.

(2) R.F%ducer lifier (Fig. 5.37) - This unit
incorporated two ‘Z=ntical p ack amplifiers which allowed for
simultaneous playback of any two channsls by means of selector switches.
Normally one emplifier wvas svitched from head to head in order to
reproduce the gage signals on five of the tracks; the second amplifier
was set to play back the sigoal on the track vhich contained the
standard reference frequency and timing signals. By means of a second
output on this second amplifier circuit and a phone jack to allow for
the insertion of a 400 cps or 1,000 cps filter, the standard frequency
was made available for tape speed control,

(3) Capstan Motor ifier (Fig. 5.38) - This unit,
located vithin the Reproducer console, wvas very similar to the tuning
fork amplifier of the Recorder. Instead of a tuning fork, however, the
signal being amplified to drive the capstan motor wvas supplied by a
Wien bridge oscillator located inside the tape speed control umit.

(4) Tape Speed Controcl Unit (Pig. 5.39) - This unit,
coupled to the Reproducer console by means of a cadle, contained a
stable 69 cycle Wien bridge oscillator. Two potenticmeter controls
provided fine and course adjustments of this oscillator frequency
within a « 2 cycle range.

In the playback procedure, the 400 cps (or 1,000 cps)
standard frequency signal obtained from the tape wvas fed to the vertical
imput of a cathode ray oscilloscope. The signal from a local tuning
fork oscillator, identical to the one used in the trailer for recording,
wvas fed tc the horizontel input thus forming a Lissajous pattern. The
Tape Speed Control unit was adjusted until a stationary pattern vas
obtained. This was the indication that the tape speed in playdback wvas
tae proper one to give faithful reproduction of all recorded signal
tf'requenciss. This scheme compensates for tape length variations caused
by temperature and humidity variations between time of recording to
time of playback. It aiso compensated for possible variations in tape
speed during the recording process csuséd by faully d&rive mechanigms,

It wvas because of this speed control feature and indication of correct
frequency reproduction that it was possible to calibrate the system
frequency-vise during record playback, thus simplifying the field
electronics.

5.6.2 Discriminator (Pig. 5.40) - The composite FM field
signal from the Reproducer vas fed into five Discriminator units,
vith paresllel inputs, ea~h unit containing a band-pass filter t:
one of the carrier frequencies modulated by the gage signal, L the
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Discriminator, the frequency modulated signal was converted into
amplitude variations with time and vas made suitable for pressntation
on a string galvanometer oscillograph.,

The Discriminators were made by the Rational Machine
Shop of Silver Spring, Maryland, and originally designed by the
Applied Physics Laboratory of Johns Hopkins University for the Bumble
Bee system.

The input stage of the Dic.riminator vas a cathode
follover baving an input impedance of 1/2 megohm, preceded by an
attenuator enabling utilization of input signale ranging in level
from 1Cav to 1Ov. Pollovwing the inpul cathode foll)over wvas a plug-in
band-pass filter vhich alloved selection of the desired FM signal and
provided rejection of all other signals. After filtering, the desired
FM aignal vas amplified and limited, the limited signal actusting a
pulse forming ~ircuit which delivered one pulse for each cycle of the
incoming signal. Each of these pulses triggered a one-shot multi-
vibrator vhich returned to its rest state after a time interval equal
to half the reciproca! of the center frequency of the selected FM
signal. The return time of the multivibrator vas determined by the
circuit constants of a plug-in network augmented by a fine adjustment.
By the proper choice of oune of a number of such plug-in networks, the
return time of the multivibrator wus adjusted to correspond to the
chosen FM signal for that gage channel - 3.9, 5.4, 7.35, 1C.5, or 1k.5 kc.

When the return time of the multivibrator vas adjusted to
correspond to the center frequency of the selected FM signal, the
average voltage measured betweesn the plates of the multivibrator tubes
was proportional to the deviation of the signal from the center
frequency. This averaging was performed by & low-pass filter inserted
between the multivibrator plates and the following cathode followers.
These were folloved by another push-pull cathode-follover stage, pro-
viding a balanced output having an effective source impedance of 330 ohms.
Overload protection incorporated in the output circuii automatically
limited the output current to ¢15 ma. With the output load 330 ohms, the
Joad current was 10 ma vhen the FM signal deviated 7-1/2% from its
center frequency.

‘'ne timing eignal from the stendard reference track of
the tape was reprodiuced by means of a sixth discriminator operating on
a center frequency of 2.3 kc or 3.9 kc.

5.6.3 String Calvanometer Oscillograph (Fig. 5.41) - The String
Galvanometer Oscillograph unit changed che electrical signal outpute of
the Discriminators into a visual and photogr .phic presentation. This unit
was manufactured by the Century Geopkysical Corporation of Tulea,
Okluhoma. Although sixteen strings could be accommodated in tkis unit,
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only six vere ussd - one for each of the five gage signals played back
simultaneously, and ons for the timing fiducial signal.

The resonant frequency of the galvanometers wvas 200 cpe
and each had & resistance of 60 ohms and required an extermal shumt of
120 ochms for critical damping. These resistors and the network re-
Quired to properly match the impedance of the galvancmeters to the
Discriminators were built oso an suxiliary pansl. This pansl also pro-
vided attenuation of the signals into the galvanomsters so as not to
overload these elements.

The oscillograph unit contained & tuning fork controlled
oscillator which produced 100 and 10 millisecond timing lines trans-
versely across the eight inch wide photographic paper used. The papexr
used was Kodak Linogrsph 1127, selected because of its high sensitivity.
The paper feed speed used was approximately 10-15 inches per second.

5.6.8 Calidbration Oecillator (Fig. 5.42) - The function of the
calidration oscillator wvas to provide for each of the five gage frequency
bands a sequence of calibrating frequencies which when fed through the
Playdback system, produced stepwise calidration marks on the photographic
records. For convenience and accuracy, these calidbration marks were
made to appear during the one second interval preceding the zerc time
mark. The calidration segquence, vhich vas obtained by means of an
sutomatic stepping 5-pole, 22-position relay, corresponded to ncy
deviations from center frequency in the order: 0%, +6%, +3%, +1.5%,
+0. 5’: ”n -0. ”n '1°5$: '3’ ‘6‘: 0‘, ‘6‘) ’3‘) +1. 5‘: +0. S’

-0.5%, -1.5%, -3%, 6$ 0f, the center frequencies being 3,900, 5,M00,
7,350, 10,500, and 14,500 cps.

The basic oacillator design used a cathode follower
coupled to a grounded-grid emplifier by means of a series resonant
LC circuit., Each of the five ocscillators used a single 12AT7 tube
and contained & high-Q inductor with an appropriate set of capacitors
tuned to the desired frequencies and selected in turn by a stepping
relay. Positions 1 through 10 were counected so as to provide the
first half of the calibration sequence while positions 11 through 20
were appropriately parslleled with the first ten positions so that the
first half of the sequence wvas repeated. Positicons 21 and 22 provided
center frequencies again. The output of each oscillator vss taken from
the cathode of the cathode follower at an impedance level of sowmething
less than 200 ohms. In this way, cross-talk between the five
calibration oscillators wvas =minimized,

The pover supply, constructed on a separate chassis
(Pig. 5.43), was electrontcally reguleted and used a "cascode” regu-
lator circuit, In order to prevent cross-talk between the five
oscillators and the piayback signal, the B+ lead to the oscillators
vas disconnected excupt during the celibrzticn interval. Low voltage i
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(up to 12 volts) D.C. for the relays wvas furnished by means of a full-
vave selenium rectifier and this voltage was controlled by a Variac.

In this way, the calibration cycle could be varied from 1/2 to 2 seconds.
A connector was provided on the skirt of the oscillator chassis to feod
lov voltage D.C. to the sequencing unit chassis and to receive therefrom
the triggering short-circuit for the stepping relay.

Under laboratory conditions, the stability of the oscil-
lators vas in the order of + 2 to + S cps over periods of several veeks.
Under field conditions, this stability was not observed.

5.6.5 Sequencing Unit (Fig. S5.4b) - In order to facilitate the
playback of records and presentation in final form, a unit vas con-
structed which controlled the necessary playback operations in orderly
sequence. This unit had tvo modes of operation, “Automatic” vhich was
normally used in playback, end "Manual” which wvas normally used in
setting-up procedures. By means of this Sequsncing unit the locally

snerated frequencies from the Calibration Oscillator unit and the
recorded gage signals from the Reproducer were applied through the
playdback system in proper sequence and in synchronization with the
string oscillograph operation.

With the unit set to "Automatic”, the playback procedure
vas as foilows:

The tape transport wvas started mamally well before
the appearance of signals on the tape. When the signai appeared, the

Tape Speed Control was adjusted until a stationary Lissajous pattern

vas formed. Approximately 30 seconds were available for this manually
performed operation defore the automatic operation started. With the
appearance of the minus one second signal on the standard reference
track, a voltage pulse vas formed in the Discriminator, and passed on

to the sequencing unit., Here the sigral vas amplified before triggering
a thyratron zircuit. The thyratron output pulse initiated the calibra-
tion sequence by actuating the stepping relay in the Calibration
Oscillator unit, Simultaneously, a five-pole, double-throv relay was
actuated. This relay switched from the Reproducer output to the
Calibration Oscillator outputs so that each of the five calibration
signals was fed individually into the proper Discriminator. After the
calibration cycle which had e duratisn of approximately one second,

vhen the stepping relay came to rest again, the five-pole, double-throv
relay swvitched hack to the Reproducer output, thus feeding the gage
signals into all five Discriminators simultaneously. Coincident wvith
the start of the celibration cycle, the circuit providing for automatic
operaticn of the string oscillograph vas closed. This astarted the paper
drive and illuminated the galvanometer mirrors and record identification
numerals., After the gage signals on the tape were recorded, as evidenced
by the meter movezants on the Discriminators, the playback was stopped,
the tape rewound, and the above procedure folloved for the other gage
signal tracks, ’ - 92




At times it was desiradle to record on the string oscil-
lograph only one of the gage signals making up the compoeite signal on
a track. This vas accomplished by the simple expedient of connecting
only the required lead to the string oscillograph.

In "Manual” operation, the various operations described
above were initiated by switches. In this way it was convenient to
cycle the calibration oscillators one step at a time and to check and
adjust the calibration frequencies tG close tolerances. Also, it pro-
vided a weans of initiating automatic operation vhen the minus one
second signal circuit failad to operate,

5.6.6 Photoga&ic Technique - The photographic paper obtained
from the string oscillograph magagines varied in length from five fest
to 150 feet depending on the number of tipe runs that wvere made, Por
the shorter lengths, tray develcoping vas used. For the longer lengths
of paper, a portable autcmatic tank method was used (Pig 5.45). Because
of the high photographic speed of the paper, to obtain best results, all
loading and unloading of the magazines and developing of the paper vas
dore in a darkroom without benefit of safe lights.

The paper vas dried on a small, comnercial drum dryer
vith an automatic paper feed and take-up device added (Pig. 5.46).

5.7 PERFPORMANCE AND RECOMMENDATIONS:

The present over-all instrumsntation system performed satisfactorily
on Operation Jangle; hcwever, improvemsnts in design are indicated for
future use 80 as to realize even better performance. The most serious
shortcoming of the system was the lov signal to noise ratio obtained in
the field. Although the recorders and playback machines met or even
exceeded specifications for "wov-and-flutter", less than 0.1% rms, in
tne laboratory, this figure was exceeded by as much as a factor of 2.5
ir the field. For the mosi part, this wes due to the ever-present dust
prodblem and the inability to keep recording and playhs~k heads, the
capstans, idlers and magnetic tapes completely free of dust. However,
even under laboratory conditions it would be advisable to decrease the
"wow-and flutter"”, thus increasing the dynamic range of the equipment
and obviating the need for "back-up" Rages. This of course, would free
gage clircuits for additional measurements.

This decrease could be accamplished in many vays - by redesigning
the recorder and playback machines, by employing some "wov-and-flutter”
compeunsation scheme, or by producing a larger signal. The redesign of the
recorder and reproducer could prnreed along the lines of developing
szoother motor drives and better mechanical filtering possibly using
compliance loops similar iu those used in sound-on-film recording.
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Compensation methods could be designed including servo-mechanisms to
correct for "wov" and mixing and "beating” schemas for "flutter"” re-
duction. It wvas this latter schemn that wvas attempted in the HOL
inatrmentation and abandoned temporarily because of the lack of time.

Ressentially, it was a system to make "vow-and-flutter” a function
of the frequency deviation produced by the acceleration or pressure
phenomencn, rather than the carrier center freqQuency. Since the fre-
Quency deviation could be at most approximately 10% of the center
frequency, a minimum noise reduction factor of 10 could be expected,
with greater reduction for smaller signals. In this method, the
compensation vas accomplished in playbacl, The signal frequency vas
beat vith the output of a local oscillator, the sun frequency filtered
and passed into another non-linear mixer circuit. The ummodulated
reference frequency from the tape also wvas fed into this mixer, the
difference frequency filtered and passed into a discriminator vhere
amplitude variations were produced corresponding to the original signal
phencmenon, Early tests on this syste= wvere encoursging and further
work should be undertaken,

Increase of signal to “wov-and-flutter" induced roise can dbe
acooumplished by producing larger signals. This indicates a gage develop-
ment prodblem vith a view towvards increasing the frequency deviation
produced by any given forcing function. (Of course, this would limit
the spacing of adjacent bands, but this may not be detrimental in some
applications.)

New gage development should also seek a linear end instrument as
stated in Chapter 4, This would lead to e simple expansion of the play-
back system permitting more complete datn reducticn and enmadling
acceleration records to yleid velocity and displacement data electronically.,

In conjunction with decreased "wow-and-flutter” endeavors, work
should be done on oscillator-amplifier design. In a multiplexing system
it is important to keep intermodulation products at a lov level so as
not to cause interference in other bands, This indicates that the total
harmonic content of oscillators and amplifiers should be lov. The 3%
level obtained in Operation Jangle was tolerable because it was masked
by the "wow-and-flutter” noise; with better noise characteristics,
lover Larmonic distortion limits will have to be maintained,

The physical design of the trailer instrumentation could dbe
improved by combining all the -omponents included in one recording
channel (exclusive of the Recorders) on one small chassis. Field ex-
perience showed Ty little need for trouble shooting on the trailer
equipment thus eliminating the need for multiple-disconnect elements
vith its encumbering cabling.
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A modification in the filament supply deeign would de advisshie.
At present, with ouly one transformer foeding the filaments of the five
oscillator-amplifier units in orne lastrumsntztica bank, the output
voltage of the auto-transformer is set 0 the optimm value for the mid-
distance station. DBecause of the difference im latgths of cables and
the resultant difference in lizs attenuatioz, soms stations operated with
an over-voliage, and othars with an under-voltags. Although no tube
failure or other adverse effects resulted from this condition, in future
operations with poesibly longer lines, detrimentsil voltages may de
incurred at the extrems stations. Individual transformers for each
station would eliminate this condition, and lesd t0 & more relisble and
flexible design.

As an aid to overall field operation and as a step toward coping
vith the dust prodblem, it is suggested that a trailer des outfitted to
bouse the playback instrumentation. This trailer should also contain
the photographic processing facility and {t could contain the necessary
laboratory work space and storege space for the project group.
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Pig. 5.9 Cable Connector
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